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ABSTRACT 
In order to improve our knowledge of the global CH4 cycle, systematic and high-precision observations of 
the mole fraction, and carbon and hydrogen isotope ratios (13C and D) of atmospheric CH4 were conducted at 
various places of the world using ground-based stations, aircraft, and ships, and then recent global and regional CH4 
budgets were examined by analyzing their spatial and temporal variations with 3-D atmospheric chemistry transport 
models.  The results obtained in this study are summarized below: 
 
1)  The atmospheric CH4 mole fraction, 13C and D were systematically observed at Churchill (58°44’N, 
93°50’W) in the northern part of the Hudson Bay Lowlands (HBL), Canada for the period 2007–2014.  Compared 
with measurements at an Arctic baseline monitoring station, Ny-Ålesund, Svalbard (78°55’N, 11°56’E), 
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the CH4 mole fraction is generally higher and 13C and D are lower at Churchill due to regional biogenic CH4 
emissions.  The CH4 mole fraction, 13C, and D clearly vary seasonally at Churchill, and their seasonal cycles 
proceed earlier by one month than those at Ny-Ålesund in summer.  A one-box model analysis indicates that the 
summertime phase difference is arisen from different influence of CH4 emissions from boreal wetlands on the two 
sites.  Short-term variations of the CH4 mole fraction are also observed at Churchill throughout the year.  The 
analysis of the observed isotope ratios of atmospheric CH4 shows that the short-term variations are mainly produced 
by biogenic CH4 released from the HBL wetlands in summer and by fossil fuel CH4 transported over the Arctic in 
winter. 
 
2)  Forward simulations were performed for the CH4 mole fraction at Churchill using the atmospheric 
chemistry-transport model with wetland CH4 fluxes prescribed by a process-based model.  The results show 
unrealistically high CH4 mole fractions in summer, suggesting that CH4 emissions assigned to the HBL wetlands are 
overestimated.  Our best estimate of the average CH4 emission from the HBL for 2007–2013 is 2.6 ± 0.3 TgCH4 
yr-1, which is consistent with recent estimations by inverse modeling studies. 
 
3)  Spatiotemporal variations of the CH4 mole fraction, 13C, and D were observed in the upper troposphere and 
lowermost stratosphere (UT/LMS) over the Eurasian Continent for 2012–2016, by performing air sampling onboard 
commercial jet airliners on a monthly basis.   In the LMS, the CH4 mole fraction shows a seasonal cycle with a 
phase opposite to 13C and D; the seasonal maximum (minimum) and minimum (maximum) of the CH4 mole 
fraction (13C or D) are found in November–January and March–May, respectively.  These observed seasonal 
cycles are mainly produced by seasonally changing dynamics in the LMS; the tropospheric air with high CH4 mole 
fraction and low 13C and D intrudes into the LMS in summer to autumn, while the deeper stratospheric air with 
low CH4 mole fraction and high 13C and D subsides into the LMS in winter to spring.  
 
4)  Chemical reaction processes of CH4 in the UT/LMS were examined by applying the Rayleigh fractionation 
equation to measured values of the mole fraction and 13C or D, from which the carbon and hydrogen kinetic 
isotope effects (KIEC and KIED) are estimated.  A clear seasonal variation of KIEC is found in the LMS, showing 
the seasonal maximum in May and the seasonal minimum in January, which is in anti-phase with the CH4 mole 
fraction and in phase with 13C.  On the other hand, the seasonal variation of KIED is more complicated; high 
values are found twice in March–April and August–September, followed by low values in May–July and 
October–November.  The different seasonal variations of KIEC and KIED would be mainly due to the fact that the 
contribution of the reactions of CH4 with OH on KIE is largely different between KIEC and KIED. 
 
5)  Inverse modeling of the observed atmospheric CH4 mole fractions was performed to estimate the global and 
regional CH4 fluxes for 1995–2013, using the NIES global atmospheric tracer transport model (NIES-TM) with a 
priori CH4 fluxes and CH4 sink fields.  Variations of the atmospheric CH4 mole fraction simulated using the a 
posteriori CH4 fluxes reproduce the observational results fairly well, not only at the sites where the CH4 data used in 
the inversion are collected, but also at other sites.  This suggests that the global and regional CH4 fluxes are well 
constrained by this inverse modeling.  However, forward simulations of the CH4 mole fraction, 13C, and 
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D, conducted based on the a posteiori CH4 fluxes and the respective isotopic source signatures for 1995–2017, 
significantly underestimate the atmospheric 13C and D values observed on a global scale.  The present results 
indicate that the global a posteriori CH4 emission derived by the inversion overestimates for biogenic CH4 sources 
and underestimates for fossil fuel and biomass burning CH4 sources, although our emission value is close to the 
median of recent multiple top-down CH4 inverse modeling studies. 
 
6)  The global CH4 fluxes obtained by the inversion were further constrained using the long-term trends of 
atmospheric 13C and D observed at Ny-Ålesund, Svalbard and Syowa Station (69°00’S, 39°35’E).  By this 
constraint, the agreement between simulated and observed CH4, 13C, and D values is much improved, not only at 
Ny-Ålesund and Syowa Station, but also at other sites, for example, in the Western Pacific.  The relative 
contributions of biogenic, fossil fuel, and biomass burning sources to total global CH4 emissions are calculated to be 
62, 30, and 8% for 2003–2012.  This result is not consistent with the median of recent multiple top-down CH4 
inverse modeling, but comparable to the previous estimate based on global atmospheric 13C data.  The decrease in 
biogenic and biomass burning CH4 emissions in the first half of 2000 and the increase in biogenic CH4 emissions 
after 2006 are found in this study, which is responsible for the unexpected behavior in global atmospheric CH4 
growth in recent decades, i.e., plateau in the early 2000s and re-rise after 2006. 
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論文審査の結果の要旨 
 
 
藤田遼提出の博士論文は，大気中における CH4 の濃度およびその炭素（13C）･水素（D）同位体
比の時空変動を地上基地や航空機および船舶を利用して明らかにし，さらに 3 次元大気化学輸送
モデルを用いてそれらの変動をシミュレートすることにより地球規模における CH4 の放出源の分
布や変動を定量的に求めたものである。 
まず，カナダのハドソン湾低湿地に位置するチャーチルにて 2007-2014 年に CH4 濃度，13C，D
の系統的観測を実施した。これらの季節変動は，北半球高緯度域のバックグラウンド観測点であ
るスバルバール諸島ニーオルスンでの観測結果と比較して，夏季において周辺の湿地帯からの影
響を受けて位相が１ヶ月ほど進んでいることが分かった。また，年間を通じて短周期の高濃度 CH4
変動が観測され，夏季には湿地起源，冬季には化石燃料起源の影響が大きいことが明らかとなっ
た。さらに，大気化学輸送モデルによって，観測期間におけるこの領域の CH4 放出量は
2.6±0.3TgCH4 yr-1 と評価され，従来の評価は過大であることが明らかになった。 
次いで，航空機を用いてユーラシア大陸上空の上部対流圏・下部成層圏において 2012-2016 年
の期間に CH4 濃度，13C，D の時空間変動の系統的な観測を実施した。下部成層圏では CH4 濃度が
3-5 月に極小（13C，D が極大），11-1 月に極大（13C，D が極小）となる明瞭な季節変動を示
すことが明らかになった。圏界面付近との鉛直勾配は春に大きく，秋に小さくなった。これらの
季節変動は，冬から春にかけて高緯度側で成層圏上方から大気年齢の古い空気塊が沈降し，夏か
ら秋にかけては対流圏起源の新しい空気塊が流入することで説明される。 
さらに，大気化学輸送モデルを用いて 1995-2013 年の期間の全球における大気中 CH4 濃度の逆解
析を実施した。逆解析で得られた全球 CH4 放出量を用いた大気中 CH4 濃度，13C， D の順計算結
果は，観測された CH4 濃度を良く再現した一方で，13C，D についてはモデルが過小評価となった。
CH4 放出量に対して，化石燃料起源，バイオマス燃焼起源の割合を増やし，微生物起源の割合を減
らすことで，全球の13C，D 観測値を再現した。その結果，2000 年代前半における全球 CH4 濃度
の停滞は微生物起源とバイオマス燃焼起源の CH4 放出量の減少，2006 年以降の再増加は微生物起
源の CH4 放出量の増加が寄与していることが明らかになった。 
以上，藤田遼提出の博士論文は，地球規模における CH4 の放出源の変動に関する多くの新知見を
得ており，本人が自立して研究活動を行うに必要な高度の研究能力と学識を有することを示して
いる。よって，藤田遼提出の博士論文は，博士（理学）の学位論文として合格と認める。 
 
